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ABSTRACT
This study combines bulk structural and spectroscopic investigations of Eu3?- or
Y3?/Eu3? co-doped tetragonal and cubic zirconia polymorphs to gain an in-
depth understanding of the solid solution formation process. Our bulk struc-
tural characterizations show that the dopant is homogenously distributed in the
ZrO2 host structure resulting in an increase of the bulk symmetry with
increasing dopant substitution (from 8 to 26 mol%). The local site symmetry
around the Eu3? dopant, however, determined with luminescence spectroscopy
(TRLFS), remains low in all samples. Results obtained with X-ray pair distri-
bution function and X-ray absorption spectroscopy show that the average
coordination environment in the stabilized zirconia structures remains practi-
cally unchanged. Despite this very constant average dopant environment, site-
selective TRLFS data show the presence of three nonequivalent Eu3? environ-
ments in the ZrO2 solid structures. These Eu
3? environments are assumed to
arise from Eu3? incorporation at superficial sites, which increase in abundance
as the size of the crystallites decrease, and incorporation on two bulk sites
differing in the location of the oxygen vacancies with respect to the dopant
cation.
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Introduction
Zirconia (ZrO2) is a material with exceptional prop-
erties such as a very high melting point of 2715 C
and the capability of forming solid solutions with
various isovalent and aliovalent cations [1]. The
incorporation of under- or oversized cations leads to
a phase transformation from the thermodynamically
stable phase, i.e., the monoclinic phase under ambi-
ent conditions, to its high temperature polymorphs,
the tetragonal or cubic structures, depending on the
type and amount of dopant [2–4]. In case of isovalent
substitution of Zr4?, the mismatch of the ionic radii of
the host versus dopant cation causes a distortion of
the crystal lattice, leading to the aforementioned
phase transition. When subvalent doping is per-
formed, charge compensation takes place via the
introduction of oxygen vacancies into the system.
This is assumed to have a strong stabilizing effect on
the t- and c-ZrO2 phases [4, 5]. The incorporation of
supervalent dopants is also feasible; however, less is
known about these structures [3]. Due to this unique
set of properties, the material can be tailored to meet
the requirements of the targeted applications. The
three most common stabilizers are ceria (CeO2), yttria
(Y2O3) and magnesia (MgO). CeO2-doped ZrO2 is
used in three-way catalysts of internal combustion
engines [6]. Y2O3-stabilized zirconia (YSZ) exhibits
very good oxygen conducting properties, resulting
from the oxygen vacancy formation in ZrO2. At the
same time, YSZ is acting as an electrical insulator. In
combination with the very high temperature stability,
this makes it an ideal electrode material in the field of
solid oxide fuel cells (SOFCs). Besides the use of YSZ
as cathode material due to the high oxygen mobility
[7–9], it also finds application as basis for the anode
material in SOFCs, where a metallic anode material is
deposited on the YSZ [10–12]. YSZ is further used as
sensor material for reducing gases, such as CO, H2
and hydrocarbons but also for H2S and NOx [13].
MgO-stabilized ZrO2 is an important construction
material due its exceptional strength and fracture
toughness. The fracture toughness rests upon the
martensitic transformation of metastable t-ZrO2 to m-
ZrO2, which is accompanied by a volumetric expan-
sion. This expansion resulting from the diffusionless
transformation, induced by the stress field around a
crack in a ZrO2 ceramic material, leads to local
compressive stress which counterweighs the driving
force of the crack propagation [1, 14–16]. Besides
these three very commonly studied materials, appli-
cations for various other stabilizing cations can be
found. Ti4?-, Al3?- or K?-stabilized ZrO2 can be used
as catalysts in the biofuel production [17]. Lan-
thanide-stabilized zirconia finds usage, especially in
the field of optoelectronics [18–29]. Further research
of lanthanide-doped ZrO2 has been performed in the
field of oxygen ion conductors [30], basic material
properties [31–33], as well as in fundamental
research. Zirconia is also studied in nuclear research
in relation to the transmutation of actinides (An)
[34–37], and the production of inert matrix fuels
[38, 39]. Furthermore, ZrO2 is an important solid
phase at several stages of the nuclear fuel cycle. It
occurs as a corrosion product at the fuel rod cladding
surface where it may come into contact with dis-
solved radionuclides in repositories for nuclear waste
storage, and it has been considered a potential host
matrix for the immobilization of high-level radioac-
tive waste streams containing especially the
transuranium elements (TRUs) Pu, Am and Cm
[40–42]. The most stable oxidation state of the latter
two TRUs is ?3, while Pu3? can be stabilized under
anoxic, mildly reducing conditions. For applications
as nuclear materials, the crystalline host structure
must be flexible enough to accommodate the rather
large actinide cations. Further, structural properties
such as a large overall grain size and low porosity,
which reduce the reactive surface area and subse-
quently increase their corrosion resistance in contact
with water, are important.
Due to the large amount of applications for ZrO2
doped with trivalent rare earth elements (REE), spe-
cial interest exists in the structural properties of these
solid phases. The formation of oxygen vacancies in
the lattice as a result of REE3? incorporation leads to
a deviation between the long-range order in the bulk
and the short-range order of the local structure.
Despite the increase in the bulk symmetry from m- to
t- to c-ZrO2 with increasing doping fractions, the local
symmetry is heavily distorted in these stabilized t-
and c-ZrO2 phases. A change in the coordination
number from 8 to 7 occurs, especially for the Zr4? but
also for the trivalent dopant depending on the overall
concentration of oxygen vacancies in the crystal
structure [4]. The reduction in the Zr–O coordination
number is assumed to result in the stabilization of the
high-temperature phases, due to a reduction of the
stress around the small Zr4? cation. In addition,
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distortion of the crystal structure takes place due to
the size mismatch between the small Zr4? and the
much larger REE3? cations.
The structural properties of zirconia solid solutions
have been investigated in numerous studies using
various experimental and computational methods.
Several extended X-ray absorption fine structure
(EXAFS) studies of doped zirconia phases have been
conducted with various trivalent dopants such as
Fe3?, Ga3?, Ge3?, Nb3?, Ce3?, Gd3? [4, 43], Er3? [44]
and Am3? [36]. YSZ has received especially large
attention in this field [45–49]. The EXAFS studies
have shown that the direct coordination environment
around the dopant stays very constant, independent
of the ZrO2 crystal phase. This has partly been
explained by the location of the oxygen vacancies in
the crystal structure and their preference for the Zr4?
cation rather than the dopant cation [36, 45]. Laser-
induced lanthanide luminescence spectroscopy,
especially of Eu3?, has further been employed to
study the local structure of zirconia solid solutions
[1, 21, 30–32, 50–55]. Here, differing luminescence
behavior is observed for m-ZrO2 as compared to the
high-temperature polymorphs (t- and c-ZrO2). How-
ever, no significant change in the luminescence of
Eu3? doped t-ZrO2 and c-ZrO2 can be observed,
especially when using the classical nonselective
excitation method, which results in co-excitation all
Eu3? environments in the crystal structure. When
using site-selective excitation of the 5D0 /
7F0 or the
5D1 /
7F0 transition, multiple Eu
3? species have
been observed in several studies [30–32, 50–52, 55].
However, contradicting conclusions have been
drawn on the nature of the individual species, and
their assignment to specific luminescence emission
spectra. Various computational studies have been
performed to investigate structural properties of
doped zirconia phases [56–61]. Special interest in
experimental and computational studies has been
devoted to the oxygen diffusion in YSZ [62–65]. It
was found that the doping fraction and the location
of oxygen vacancies in the lattice are crucial for the
oxygen mobility in these phases [58, 62].
Despite the existing knowledge of t- and c-ZrO2
phases stabilized with trivalent cations, knowledge
gaps still exist regarding the relationship between the
bulk structure and order/disorder phenomena
occurring around the dopant cation. To our knowl-
edge, no direct comparison of changes occurring in
the dopant (Ln3?) versus Zr4? environments has been
attempted, which could provide a deeper insight into
how similar or dissimilar structural changes around
the host and dopant cations are for various dopant
concentrations and how they influence the overall
symmetry of the bulk structure in comparison with
order/disorder phenomena on the dopant level.
Thus, in the present work, we report on first
combined luminescence spectroscopic (TRLFS) and
EXAFS investigations of Eu3? or Y3?/Eu3? co-doped
tetragonal and cubic zirconia polymorphs. Powder
X-ray diffraction (PXRD) has been used to study the
bulk behavior of doped zirconia phases in depen-
dence of the doping percentage. Scanning electron
microscopy (SEM) and transmission electron micro-
scopy (TEM) were employed as imaging method for
macroscopic investigations. Site-selective Eu3?
TRLFS at 10 K was used to study the local dopant
environment independently from the bulk. Addi-
tionally, EXAFS investigations at the yttrium and
zirconium K-edges were performed on Y3?/Eu3? co-
doped zirconia samples for complementary infor-
mation on the local structure of the dopant and the
host cations. To bridge the gap between the bulk
structural and dopant-specific investigations, addi-
tional X-ray pair distribution function (XPDF) anal-
yses were conducted for Eu3? doped zirconia
samples. XPDF is a complementary method to study
local structures and disorder phenomena in crys-
talline as well as amorphous materials, capable of
providing information of the average, periodic
structure of a material as well as potential local
deviations from this average structure. While many
studies can be found where the PDFs of zirconia
systems were obtained based on computational
approaches [63, 66, 67], the availability of PDFs based
on experimental data [i.e., X-ray diffraction (XPDF) or
neutron diffraction (NPDF)] is rather limited. To the
best of our knowledge, only one study can be found
where the XPDF of a monoclinic zirconia sample is
presented [68]. Therefore, we report on the first XPDF




Two separate solid solution rows were produced for
the various spectroscopic investigations conducted in
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the present work. Eu3? doped ZrO2 samples with
europium concentrations ranging from 8 to 24 mol%
were synthesized for luminescence spectroscopic
investigations. To avoid luminescence energy trans-
fer between closely located luminescence centers in
the samples and due to a better accessibility of the Y
K-edge in comparison to the low-energy L edges of
Eu, Y3?/Eu3? co-doped zirconia samples with an
overall dopant concentration of 16-26 mol% were
synthesized for combined TRLFS and EXAFS inves-
tigations. XPDF investigations were conducted for
Eu3? doped samples ranging from 16 to 24 mol%
Eu3?. In a typical ZrO2 synthesis, 400 mg of
ZrOCl28H2O ([ 99.5%, Sigma-Aldrich) was dis-
solved in 1 mL of 0.01 M HCl (Carl Roth, ROTI-
PURAN p.a.). To reach a dopant level of 8–24 mol%
Eu3? in the final product, the acidic Zr4?-containing
solution was mixed with an adequate amount of
0.1 M Eu3? solution, prepared from EuCl36H2O
(99.9% purr., Sigma-Aldrich). For the synthesis of Y3?
and Eu3? co-doped samples with a constant Eu3?
content of 0.5 mol%, and varying Y3? concentrations,
to reach an overall dopant level of 16–26 mol% in the
final ZrO2 material, the acidic Zr
4?-containing solu-
tion was mixed with 0.1 M Y3? solution (YCl36H2O,
99.99% purr, Sigma-Aldrich), containing a small
amount of Eu3?. The acidic metal ion solution (Zr4?,
Eu3?/Y3?) was added dropwise to an alkaline
solution of NaCl (pH * 12) with a concentration of
0.5 M. The pH was constantly monitored during
addition of the acidic precursor solution and read-
justed to pH 12 with 2 M NaOH solution when nec-
essary. The exact doping fractions were determined
by ICP-MS of the acid solutions and resulted in
7.8 mol%, 9.6 mol%, 11.3 mol%, 13.0 mol%,
16.1 mol%, 19.0 mol% and 24.4% for the Eu3? rows
and 15.6 mol%, 18.4 mol%, 23.5 mol% and 26.4 mol%
in the case of Y3? doping. In the following text,
sample compositions will be rounded off to whole
numbers. Furthermore, the individual samples will
be referred to by dominating crystal phase as
determined by Rietveld analysis, i.e., t-ZrO2 for a
sample where the largest fraction is tetragonal. After
the addition of the whole precursor solution, the
suspension was kept at 80 C for 20 h to allow for
complete precipitation. Thereafter, the suspension
was separated by means of centrifugation and
washed twice with 25 mL of Milli-Q water. The
residual was dried at 80 C for 20 h and then trans-
ferred into an alumina crucible for calcination at
1000 C for 5 h with a heating ramp of 16 K/min.
After cooling, the resulting doped ZrO2 solid was
mortared into a fine powder.
Bulk characterization methods
The phase composition of the synthetic doped zir-
conia phases was analyzed with PXRD. The PXRD
studies were performed at the Rossendorf beamline
(ROBL) at the European synchrotron research facility
(ESRF) in Grenoble, France. The measurement setup
has a rotating capillary sample holder and a Pilatus
3 9 2 M detector. The X-ray wavelength was set to
0.73804 Å. Each sample was measured for a total of
10 min.
SEM and TEM were combined to investigate both
particle morphology and size and to confirm a
homogeneous distribution of the dopant in ZrO2. The
SEM images were obtained on a FEI Quanta 650 with
samples either as powder or from suspension on a
stub holder. TEM measurements were performed on
a FEI Tecnai F30 where the samples were applied
from suspension on a TEM grid.
High-energy X-ray diffraction data for X-ray pair
distribution function (XPDF) analysis were collected
at I15-1, Diamond Light Source using X-rays with
incident energy of 76.7 keV (k = 0.161669 Å). The
experiment was performed in transmission geometry
with samples loaded into borosilicate glass capillar-
ies. The scattered X-rays are typically collected on a
scintillation detector (Perkin Elmer XRD 43434 CT),
and the two-dimensional scattering patterns were
reduced to one-dimensional patterns by integrating
over the detector pixels. Sample–detector distance
and parameters such as polarization and detector tilt
are determined by calibrating with a crystalline
standard. The total structure factor [S(Q)] is obtained
by using diffraction data for the samples and an
empty capillary, normalizing to the X-ray form factor
with corrections for sample absorption and Compton
scattering, in this case using the program PDFgetX2
[69]. The short wavelengths and access to high values
of scattering vector result in high real-space resolu-
tion and transforms of the S(Q) to pair distribution
functions (PDFs) that were then used in combination
with the PDF analysis programs (PDFGui [70]) to fit
structures based on crystallographic input files for
the cubic zirconia samples [71].
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TRLFS studies of Eu31 incorporated
into zirconia
For the site-selective TRLFS measurements, a pulsed
dye laser (NarrowScan, Radiant Dyes) with Rho-
damine 6G dye, coupled to a Nd:YAG (Continuum,
Surelite) pump laser was used. The excitation wave-
length was varied between 570 and 585 nm, and the
pulse energy was between 4 and 5 mJ. These exper-
iments were conducted at temperatures below 10 K,
using a He-refrigerated cryostat (Janis and Sumit-
omo, SHI cryogenics group). The Eu3? luminescence
emission spectra were recorded between 570 and
650 nm, 1 ls after the exciting laser pulse. Lumines-
cence emission was detected by an optical multi-
channel analyzer (Shamrock 303i) with 300, 600 or
1200 lines/mm grating and an ICCD Camera (iStar,
Andor). Lifetime measurements were performed by
monitoring the luminescence emissions with 5 ls and
500 ls time delay steps between the laser pulse and
the camera gating. The obtained lifetimes can be
correlated with the number of water molecules in the
first hydration sphere of the Eu3? cation with the
semiempirical Horrocks equation [72] (Eq. (1)). For a
fully incorporated metal cation, coordinating water
molecules should be completely absent, resulting in





EXAFS studies of the local environment
of Zr41 and Y31 in stabilized zirconia
Yttrium doped zirconia was prepared following the
synthesis method described above. The samples were
diluted with a-cellulose powder (Sigma-Aldrich) to
an analyte concentration of 1 wt% and pressed into a
pellet with a handheld press. The pellets were placed
in a polyethylene confinement for the EXAFS mea-
surements. The measurements were performed at the
INE-Beamline [73, 74] at the KIT synchrotron source,
Karlsruhe, Germany, at the Zr–K- and Y–K-edge at
room temperature in transmission mode. The storage
ring operating conditions were 2.5 GeV and 80-
120 mA. A Ge(422) double-crystal monochromator
coupled with collimating and focusing Rh-coated
mirrors was used. XAFS spectra at the Zr K-
(17.998 keV) and at the Y K-edge (17.038 keV) were
recorded in transmission mode using Ar-filled
ionization chambers at ambient pressure. For energy
calibration, XAFS spectra of Zr and Y metal foils were
recorded simultaneously. The data were analyzed
using the WinXAS software [75]. The Fourier trans-
formation of the experimental EXAFS spectra was
performed using a Hanning window over the k range
of 2 and 10.5 Å. Phases and amplitudes of the inter-
atomic scattering paths were calculated using
FEFF8.20 [76]. A spherical cluster of atoms with the a
radius of 5.6 Å was made using the fluorite-type
structure (space group Fm3m was used in the FEFF
calculation). An amplitude reduction factor (S0
2) of 1.0
was used, and the number of independent variables
was 16 in all fits. Fitting was performed in R-space in
a range from 1.4 to 4.5 Å.
Results
Bulk structural investigations of zirconia
solid solutions
Electron microscopy imaging
SEM images of the polished samples were taken and
combined with energy-dispersive X-ray spectroscopy
(EDX) to investigate the distribution of the dopant
ion within the zirconia matrix. Based on the results of
the elemental mapping, a homogeneous distribution
of the dopant within the zirconia matrix could be
confirmed (see Figure S1 in the supporting informa-
tion, SI).
The TEM images of nonstabilized (Fig. 1, left) and
stabilized (Fig. 1, middle and right) zirconia show
agglomerates of smaller particles with a heteroge-
neous morphology. The largest particles are obtained
for the nondoped (monoclinic) solid phase. The sta-
bilized structures with varying Eu3? content are
composed of smaller particles which seem to
decrease in size when going from lower (middle
figure) to higher (right figure) Eu3? doping. Due to
the strong agglomeration tendency of the particles, a
clear determination of the crystallite size could not be
made based on the TEM images.
The electron diffraction image of the m-ZrO2 sam-
ple without dopant (Fig. 1, bottom, left) shows a very
ordered reciprocal crystal lattice of the monoclinic
structure. This indicates that only a single or very few
crystallites are within the focus of the electron beam.
At higher doping percentages, a more diffraction
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ring-like image becomes visible. Therefore, it can be
deduced that a larger quantity of crystallites are
within the electron beam spot and further that the
crystallite size is likely to be smaller in the stabilized
phases than in the monoclinic one.
Influence of Y3?/Eu3? doping on the bulk structure
of zirconia
Examples for observed diffraction pattern of pristine
m-ZrO2 and Eu
3?-stabilized t- and c-ZrO2 are pre-
sented in Fig. 2, left. Two different stabilizer cations
have been used in the various studies, i.e., Eu3? and
Y3?. Using Rietveld refinement, the phase percent-
ages of the individual m-, t- and c-phases were
determined from the diffraction pattern. The com-
bined results for Eu3? doped and Y3?/Eu3? co-doped
solids are presented in Fig. 2, right. Both sample rows
differing in the stabilizing ion used in the synthesis
differ only within margin of error regarding their
phase composition. Therefore, it can be assumed that
Eu3? doped and Y3?/Eu3? co-doped ZrO2 samples
with the same overall dopant concentration are
directly comparable.
In the phase diagram of Y2O3-ZrO2 derived by
Fabrichnaya and Aldinger [77], at a temperature
below 1040 C and a Y3? mole fraction of below
about 24%, a miscibility gap between the monoclinic
and the cubic phases exists. Therefore, all samples
with a phase composition ranging from 0 to 24 mol%
should segregate in pristine m-ZrO2- and Y
3? doped
c-ZrO2. However, the extraordinarily slow cation
mobility in zirconia hinders this phase segregation. In
fact, Chevalier et al. [78] have estimated that for
grains of 500 nm size, the complete diffusion of the
Y-cations at 1000 C would take more than 31 years.
Therefore, it can be assumed that no or very little
cation diffusion takes place over the 5 h calcination
time in the synthesis performed here. As a result, the
phase diagram does not yield information of the
expected phase compositions.
In studies performed by Scott [79], where sintered
specimens had not been kept at high temperatures
until equilibrium and had been quenched to room
temperature rapidly, a gradient transition for Y3?
doped zirconia from monoclinic (0–5 mol%) to
tetragonal (4–13 mol%) to cubic ZrO2 (from 12 mol%)
was observed.
Figure 1 TEM images (top) and electron diffraction images (bottom) of nonstabilized m-ZrO2 (left), t-ZrO2 doped with 8 mol% Eu
3?
(middle) and c-ZrO2 doped with 19 mol% Eu
3? (right).
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This is in agreement with our studies, where a
comparable, rather continuous transformation from a
mixed-phase system of m-, t- and c-ZrO2 to a purely
cubic phase can be seen. The Eu3? doped samples
show a three-phase regime for dopant percentages
below 16 mol%. At higher doping fractions, the
nonstabilized monoclinic phase disappears. The
maximum fraction of the tetragonal phase can be
seen for 10 mol% Eu3? where it reaches a percentage
of about 70%. This is followed by a steep decrease of
t-ZrO2 and a steep increase of the cubic phase, where
the latter one is the dominating polymorph from
about 16 mol% doping onward. It increases to 100%
for the highest Eu3? doping percentage. The diffrac-
tion patterns of both the Eu3? doped and Y3?/Eu3?
co-doped samples do not show any peaks resulting
from the formation of secondary phases such as
pyrochlore. Pyrochlores of the type Eu2Zr2O7 have
been observed to form at doping fractions typically
larger than 30 mol% [80, 81]. The smaller cation
radius of Y3? in Y2Zr2O7 is unsuitable for the for-
mation of pyrochlore structures [82]; therefore, a
fluorite-type bulk structure can be found even in
stoichiometric mixtures. Nevertheless, it has been
observed that ordered pyrochlore micro domains can
exist in these phases [83]. Due to the absence of vis-
ible diffuse scattering in the diffractograms, a large
abundance of such micro-domains is not expected.
For the Y3?/Eu3? co-doped samples, the trend is
very similar; however, the monoclinic phase persists
as a very minor amount up to concentrations of
18 mol% after which an almost pure cubic phase can
be observed. Its percentage increases to 100% for the
highest doping percentage, i.e., 26 mol%. Between
16 mol% and 24 mol%, a small amount of the
tetragonal phase can be observed.
It should be noted that the phase percentages
inherit a rather large error margin, especially in the
region of intermediate M3? doping, where all three
structures coexist. This error from the Rietveld
refinement is caused by the very large overlap of the
diffraction patterns of the stabilized tetragonal and
cubic phase, as visualized in Figure S2, for selected
mixed-phase samples. Here, it is evident that even
peaks of higher diffraction order, such as the cubic
and the tetragonal (004) peaks, show a strong overlap
rather than distinctive peaks for each phase. Fur-
thermore, the samples show a considerable amount
of peak broadening, indicative of small crystallites,
which hinders clear phase quantification.
The lattice parameters derived from the diffrac-
tograms of the Eu3? doped tetragonal phase (Fig. 3,
left) show an increasing behavior with increasing
Eu3? doping in the parameters a and b, and
decreasing in parameter c. In Fig. 3, right, one can see
that also the lattice parameters of the cubic phase
increase with increasing doping. In accordance with
Vegard’s law, a linear slope of the lattice parameters
is seen in the region where the cubic phase is the
dominating phase (85% and above). A linear trend of
Figure 2 Diffractogram of m-ZrO2 with no dopant (black),
t-ZrO2 with 10 mol% Eu
3? doping (orange) and c-ZrO2 with
19 mol% doping (blue) (left). Comparison of results of Rietveld
refinement for purely Eu3? doped samples in the dopant range
from 8 to 24 mol% (closed dots) and Y3?/Eu3? co-doped samples
in the range from 16 to 26 mol% (asterisks) (right).
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the lattice parameters in the pure cubic phase region
implies that no secondary phases are present in the
samples. At lower doping fractions, the mixture of
phases is causing the observed nonlinear behavior.
The aforementioned strong overlap of the diffraction
peaks also causes a rather large error associated with
the lattice parameters.
Thus, to gain further confidence in the bulk struc-
tural parameters, collected XPDF data were analyzed
and compared with the results obtained by PXRD.
The PDFs of all sample compositions from 16 to
24 mol% Eu3? can be well described using only a
fluorite-type cubic zirconia crystal structure. This is
visualized in Fig. 4. The experimental total scattering
function S(Q) does not show a noteworthy change in
the diffuse scattering component in this doping series
(see Figure S3). This implies that no systematic
change of the deviation from the average crystal
structure takes place. The lattice parameters extracted
from the XPDF data are compiled in Table S1 together
with the results obtained from the refinement of our
PXRD data. In general, a very good agreement
between the two methods can be discerned. Slightly
smaller lattice parameters (between 0.004 and
0.011 Å) are obtained with the XPDF method; how-
ever, the trend of increasing lattice parameters with
increasing Eu3? concentration is evident, corroborat-
ing the PXRD results discussed previously. In addi-
tion to the bulk structural data, interatomic distances
were obtained from the XPDF fits. These are com-
piled in Table S2 and discussed in Sect. ‘‘EXAFS and
XPDF studies of the local structure of M3? doped
zirconia’’
Finally, the peak broadening in the diffraction
pattern can have different origins. The increasing
amount of the highly oversized dopant cation may
introduce an increasing disorder of the bulk struc-
ture, resulting in the observed broadening of the
diffraction peaks [84]. Generally, however, the largest
contribution to peak broadening in powder diffrac-
tion is caused by small crystallite sizes below 100 nm,
reducing the degree of long-range order. Here, the
crystallite sizes were calculated using the Scherrer
equation [85] and are presented in Table 1 together
Figure 3 Comparison of the lattice parameters a (= b) and c of the tetragonal zirconia in dependence of the europium fraction from 10 to
13 mol% (left) and lattice parameters of the cubic stabilized zirconia from 11 to 24 mol% Eu3? (right).
Figure 4 Comparison of experimental XPDF data to the fits
generated from the crystal structure of cubic zirconia [71] for
samples with 16–24 mol% Eu3?. An offset is applied to the data
as a visualization help.
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with the diffraction peak positions and the peak
widths (FWHM).
As evident from Table 1, the Y3?/Eu3? co-doped
samples show narrower diffraction peaks indicative
of larger crystallites. In both the Eu3? doped and the
Y3?/Eu3? co-doped series, diffraction shows a
decreasing crystallite size with increasing overall
concentration of the dopant. This is supported by the
microscopic investigations where a decreasing size of
crystallites was observed with increasing doping
(Fig. 1). However, a stronger distortion effect in the
purely Eu3? doped samples is likely to influence the
diffraction peak widths as well to some extent,
because of the slightly larger ionic radius of Eu3? as
compared to Y3?. This could be a reason for the
overall smaller crystallite size in the Eu3? doping
series.
Investigations of the local structure of M31
stabilized zirconia
Eu3? TRLFS investigation of the dopants local structure
To gain insight into the incorporation of Eu3? in
zirconia, such as the potential presence of multiple
non-equivalent Eu3? environments in the stabilized
solid phases, site-selective TRLFS investigations at
T\ 10 K were performed.
Excitation spectra Figure 5, left, shows the excitation
spectra of the 5D0 /
7F0 transition for Eu
3? doped
ZrO2 in the dopant concentration range where the
main tetragonal phase transforms to the cubic zirco-
nia phase.
For the compositions of intermediate doping
(11–16 mol% Eu3?), one broad excitation peak
(FWHM * 1.9 nm) at a constant peak position of
approximately 579.5 nm is observed. This is in con-
trast to Eu3? incorporation in other crystalline pha-
ses, where the incorporation on a crystallographic
host lattice site has been observed to yield very nar-
row excitation peaks (FWHM\ 0.1 nm) in the highly
ordered, crystalline environments [86, 87]. The inho-
mogeneous peak broadening of the 5D0 /
7F0 exci-
tation peak observed here indicates that the
environment of Eu3? in the host is not very well
defined but that the excitation peak consists of a
multitude of species with slightly differing environ-
ments, which results in slightly different excitation
energies [88]. This behavior has been observed before
for Eu3? doped zirconia [21, 32], as well as other
doped phases such as tungstates, molybdates [87],
pyrochlores [50] and several glasses [89, 90].
Furthermore, the change in the Eu–O bond length
due to an increasing size of the crystal lattice (derived
from extracted lattice parameters) has been shown to
result in a very systematic blueshift of the Eu-exci-
tation peak due to the weaker ligand field exerted on
the Eu3? cation by the coordinating oxygen ligands
[86, 87]. In the present study, an increase in the lattice
parameters was observed with PXRD and XPDF with
increasing doping percentage (Fig. 3 and Table S1).
Therefore, a blueshift of the excitation peaks would
be expected in analogy with the aforementioned
studies, due to an increasing Eu–O distance in the
host phases. Instead, the excitation peak remains
constant until 16 mol%. At very high doping, a
blueshift of 0.2 and 0.4 nm is attained for the two
highest Eu3? dopant concentrations of 19 and
Table 1 Summary of the
main diffraction peak position
and the resulting crystallite
size derived from Scherrer
equation (K = 1) for samples
of Eu3? doping of 8–24 mol%
and for Y3?/Eu3? co-doped
zirconia with doping fractions
of 18–26 mol%
Sample Diffraction peak position/2 H FWHM*/ 2H Crystallite size/nm
t-ZrO2, 8 mol% Eu
3? 30.091 ± 0.005 0.269 ± 0.01 34 ± 1
t-ZrO2, 10 mol% Eu
3? 30.091 ± 0.005 0.269 ± 0.01 34 ± 1
t/c-ZrO2, 11 mol% Eu
3? 30.094 ± 0.005 0.290 ± 0.01 31 ± 1
t/c-ZrO2, 13 mol% Eu
3? 30.071 ± 0.005 0.284 ± 0.01 32 ± 1
c-ZrO2, 16 mol% Eu
3? 30.065 ± 0.005 0.300 ± 0.01 31 ± 1
c-ZrO2, 19 mol% Eu
3? 30.025 ± 0.005 0.340 ± 0.01 27 ± 1
c-ZrO2, 24 mol% Eu
3? 29.984 ± 0.005 0.433 ± 0.01 21 ± 1
c-ZrO2, 16 mol% Y
3?/Eu3? 30.083 ± 0.005 0.103 ± 0.01 88 ± 1
c-ZrO2, 18 mol% Y
3?/Eu3? 30.097 ± 0.005 0.106 ± 0.01 86 ± 1
c-ZrO2, 24 mol% Y
3?/Eu3? 29.992 ± 0.005 0.136 ± 0.01 67 ± 1
c-ZrO2, 26 mol% Y
3?/Eu3? 29.984 ± 0.005 0.144 ± 0.01 63 ± 1
*FWHM is corrected to subtract peak broadening from the setup via a Si reference sample
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24 mol%, respectively. A similar behavior is obtained
for the Y3?/Eu3? co-doped samples. However, the
clear peak shift toward higher energies occurs for
higher substitutions, i.e., for 24 and 26 mol% (Fig. 5,
right). The differences between the peak positions
serve as a first indication for the presence of multiple
nonequivalent Eu3? environments in the solid
phases.
A more detailed comparison of the excitation
spectra of solely Eu3? doped and Y3?/Eu3? co-doped
samples can be found in SI (Figure S4).
Emission spectra High-resolution emission spectra
were recorded at varying excitation wavelengths for
Eu3? doped and Y3?/Eu3? co-doped zirconia solid
solutions. In Fig. 6, emission spectra collected at an
excitation wavelength of 579.5 nm (excitation peak
maximum, see Fig. 5) for selected M3? doped ZrO2
compositions are presented.
A clear threefold splitting of the 5D0 ?
7F1 transi-
tion can be observed for the Y3?/Eu3? co-doped
samples (Fig. 6, left). However, it should be noted
that the first peak of the 5D0 ?
7F1 transition is
overlapped by defect luminescence resulting from
the M3? incorporation. This defect luminescence has
been observed before in similar systems and will be
described in detail in a following study [50, 91]. The
equivalent Eu3? doped samples yield a rather broad
5D0 ?
7F1 peak, where the threefold splitting is not
as well resolved (Fig. 6, right). It is, however, clear
that the expected splitting pattern for Eu3? incorpo-
ration in a cubic environment, i.e., onefold and two-
fold splitting of the 7F1 and
7F2 bands, respectively, is
not obtained in any of the examined solid phases.
Instead, the degeneracy is fully lifted by the sur-
rounding ligand field, corresponding to Eu3? incor-
poration in a low-symmetry environment. The 7F2-
band shows a very peculiar splitting pattern. For low-
symmetry systems, a full fivefold splitting of this
band is expected. Instead, only three resolved signals
can be deduced from the spectra. In addition, the
5D0 ?
7F2 transition is different in the Y
3?/Eu3? co-
doped samples than in the purely Eu3? doped ones.
In the Y-containing samples, the main peak is shifted
from 606 nm to 607 nm and it shows a shoulder on its
blue side, at 605 nm (indicated in Fig. 6, left with a
blue arrow). The shoulder on the red side of the main
peak of the Eu3? doped samples at 611 nm (red
arrow in Fig. 6, right) can, however, not be observed
in the Y3?/Eu3? co-doped samples. The origin for
this difference must be related to the presence of
different Eu3? environments in the solid phases.
In purely Eu doped samples, highly concentrated
samples will result in excitation energy transfer
between adjacent Eu3? species and an overall quen-
ched luminescence signal. The excitation energy
transfer hampers any distinction between nonequiv-
alent species since the emission spectra are almost
Figure 5 Selected excitation spectra of Eu3? doped zirconia samples with doping fractions of 11 to 24 mol% (left). Excitation spectra of
Y3?/Eu3? co-doped zirconia with doping fractions of 16 to 26 mol% (right).
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identical, independent of the incident excitation
wavelength. Thus, for further discussion of the
luminescence emission behavior, only the Y3?/Eu3?
co-doped zirconia solid solutions will be considered.
Due to the low overall Eu3? doping in these samples
(0.5 mol%), we can assume full isolation of Eu-cen-
ters and no excitation energy transfer between
nonequivalent Eu3? species. Further insight into the
energy transfer effect is given in SI in relation to
Figure S5.
Figure 7 shows emission spectra of an Y3?/Eu3?
co-doped sample collected at three different excita-
tion wavelengths. Emission spectra recorded using
an excitation wavelength of 577.2 nm are clearly
different from the emission recorded at 579.3 nm
(Fig. 7, left). In the 5D0 ?
7F1 transition, all three
peaks are broadened in comparison with the ones
Figure 6 Emission spectra of Y3?/Eu3? co-doped zirconia doped
with 16–26 mol% (left) and emission spectra of Eu3? doped
zirconia with doping percentages from 16 to 24 mol% (right),
kex = 579.3 nm, normalized to the peak maximum of the
5D0 ?
7F2 transition due to the presence of defect luminescence
especially prominent in the Y3?/Eu3? co-doped samples. The
arrows highlight differences in the emission spectra collected for
Y3?/Eu3?- and Eu3? doped samples.
Figure 7 Comparison of emission spectra of Y3?/Eu3? co-doped ZrO2 samples (16 mol% Y
3?/Eu3?) excited at 577.2 nm versus
579.3 nm (left) and excited at 579.3 nm versus 580.0 nm (right).
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from excitation at 579.3 nm; especially, the second
and third peaks seem to be caused by an overlap of
two unresolved peaks each. The main peak of the
5D0 ?
7F2 emission at 579.3 nm has a peak maximum
at 607.0 nm with the aforementioned shoulder at
about 605 nm. When exciting at 577.2 nm, the tran-
sition is split into two peaks, one at 603.1 nm and one
at 609.2 nm, while the peak at 609.2 nm is also
broadened on the blue side, indicating the presence
of another species. Due to overlapping excitation
energies of the species, emission peaks belonging to
the Eu3? species excited at 579.3 nm can also be
deduced in the spectrum recorded at kex = 577.2 nm.
However, this rather large peak splitting in the 7F1 as
well as the 7F2 band indicates a rather disordered
Eu3? environment.
When comparing the emission after excitation at
579.3 nm and 580.0 nm, rather similar spectra are
obtained (Fig. 7, right), which differ from the one
obtained at kex = 577.2 nm, regarding the peak posi-
tions as well as considerably smaller peak splitting
within the 7F1 and
7F2 bands. Interestingly, the split-
ting of the 7F1 band is smaller for the Eu
3? environ-
ment excited at kex = 580.0 nm than for
kex = 579.3 nm, resulting in slightly different
7F1
band positions. For kex = 580.0 nm, the main peak is
located at 606.4 nm, compared to at 607.0 nm for
579.3 nm excitation, and it is slightly narrower,
pointing toward a more ordered Eu3? environment.
Lifetimes The lifetimes of the Eu3? doped zirconia
phases have been recorded for additional insight into
the species present in the system. It can be observed
that the luminescence lifetimes stay fairly constant
after excitation at 579.3 nm with increasing Eu3?
doping until about 11 mol% (Fig. 8). A bi-exponential
fit yields two lifetimes s1 = 2500 ls and s2 = 5000 ls.
At higher doping, a clear decrease in the lifetimes is
observed. This phenomenon can be assigned to the
self-quenching of Eu3?. Therefore, the fitting of the
lifetimes at high doping does not provide further
information, and we continue the discussion of the
Y3?/Eu3? co-doped samples.
In contrast to the samples doped with Eu3? only,
the lifetimes of the Y3?/Eu3? co-doped samples all
yield very similar results and no self-quenching effect
can be observed. All samples in the row of 16 and
26 mol% Y3? doping and at all three excitation
wavelengths (577.2 nm, 579.3 nm and 580.0 nm)
could be fitted by using three different lifetimes, i.e.,
s1 = 1030 ± 310 ls, s2 = 2950 ± 250 ls and
s3 = 6560 ± 360 ls. Examples of the decay curves
and fits are presented in Figure S6. According to the
Horrocks equation [Eq. (1)], the first lifetime s1 yields
a coordination of 0.4 H2O molecules on average,
while the two longer lifetimes correlate with no water
in the coordination sphere.
EXAFS and XPDF studies of the local structure of M3?
doped zirconia
Nearly identical background corrected and normal-
ized absorption spectra were obtained for the four
samples in the Y3?/Eu3? co-doping row from 16 to
26 mol%. These are presented in Figure S7 for both
the Y and Zr K-edge. In Fig. 9, a comparison of the
resulting EXAFS (left) and their Fourier transform
(right) for the Zr K-edge (top) and the Y K-edge
(bottom) is presented. It can be seen that all samples
in the range from 16 to 26 mol% yield a very similar
EXAFS with only subtle differences.
To allow for the detection of potentially very small
changes in the EXAFS spectra as a function of dopant
concentration, the data reduction and the fitting (in-
cluding the k-range and fixed parameters) were kept
constant for all samples and for both the Zr- and Y–K
edges. To find the optimal parameters, varying fitting
Figure 8 Luminescence lifetimes of Eu3? doped zirconia with
doping percentages from 8 to 19 mol% (kex = 579.3 nm,
T * 10 K).
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approaches were used using either fixed or fitted
coordination numbers (CN). The CN fitting of the
absorber-O path (abs-O) did not yield a reasonable
trend (see Table S3) and was then fixed to 8. The same
is true for the abs-cation (abs-M) CN, which was fixed
to 12 (see Tables S4 and S5). Furthermore, the usage
of a variety of shell combinations ranging from two
up to five shells (see Tables S6–S8) yielded most
reasonable fitting results using four shells (abs-O,
abs-M, second abs-O and a multiple scattering path
of abs-O-M). The results of these fits are compiled in
Table 2.
Indeed, no clear trend can be derived from the
obtained fit. In addition, no splitting was observed
for the Zr–O shell, which is often described for the
tetragonal zirconia phases [92, 93].
The obtained average Zr–O distance is very con-
stant over the whole doping range where a slight
increase from 2.14 to 2.15 Å can be observed from 16
to 24 mol%. The Zr-cation distance gives a constant
value of 3.55 Å varying only within margin of error.
The Y–O distance and the Y–M distance are constant
within margin of error over the whole doping range
with values of 2.32 Å and 3.61 Å, respectively, and
therefore, larger than for the corresponding Zr shells.
This translates to the shells at higher radial distance,
i.e., the MS path of M–O–M as well as the second Y–O
shell where also larger values are obtained in com-
parison with the corresponding Zr paths.
The obtained EXAFS results can be compared to
the fits from the XPDF data, for which Zr–O, Eu–O
and Zr–M distances are compiled in Table S2. The
Figure 9 Experimental (black) and fitted (red) k3-weighted EXAFS data (left) and FT (right) of Y3?/Eu3? co-doped zirconia with doping
levels of 16–26 mol% at the Zr K-edge (top) and Y K-edge (bottom). Orange lines are a visualization help only.
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Zr–O distance obtained with XPDF is slightly shorter
(2.11–2.12 Å) in comparison with the EXAFS results
(2.14–2.15 Å) but the general agreement is very good.
The opposite trend is seen for the Eu–O (XPDF)
versus Y–O (EXAFS) distance, where the former bond
length is approximately 3% longer than the latter one.
This correlates very well with the difference in cation
radii, which is larger by approximately 4% for Eu3?
in comparison with Y3? [94]. In other words, due to
the larger size of Eu3?, a larger Eu–O bond length in
ZrO2 is expected. In agreement with the EXAFS data,
no clear trends in the derived bond lengths can be
discerned from the XPDF data. In general, however,
the abs-O and abs-M distances agree very well with
existing data for Y doped ZrO2 samples of various
compositions [45, 95]. They also confirm the trend
reported in multiple studies, where hardly any
change in the host or dopant distances to the coor-
dinating oxygen atoms can be deduced despite the
linear increase in the unit cell parameters derived
from PXRD data [45, 49]. The very constant M3?-to-
ligand distances in all investigated compositions
explain the persistent excitation peak positions
observed in the luminescence spectroscopic investi-
gations described above.
EXAFS investigations studying the different crystal
phases of zirconia have shown significant differences
in the spectra, despite their very similar local envi-
ronments [43]. Such differences are not observed in
the present study. In these samples, only one major
crystal phase, the cubic phase, is present. However,
based on the combined results from the recorded
luminescence excitation and emission spectra as well
as the luminescence lifetimes, several slightly differ-
ent M3? environments are expected in the ZrO2 solid
phases.
These differences are likely to be too small to be
discernable with the EXAFS and XPDF methods,
implying that the resulting fits shown above are
averages of all species present in the samples.
Discussion
With the help of PXRD, it can be seen that the cubic
zirconia phase dominates the phase composition of
all samples with some remaining tetragonal zirconia
in the intermediate doping range (below 25 mol%).
With the combination of PXRD and XPDF, the for-
mation of a secondary phase could be excluded. As
Table 2 Structural parameters
derived from the k3-weighted
EXAFS spectra for the Zr and
the Y K-edge
Y3? content/mol% Zr K-edge Y K-edge
Path R/Å CN r2/Å2 R/Å CN r2/Å2
16 abs-O 2.141 8* 0.012 2.321 8* 0.010
abs-M 3.550 12* 0.014 3.612 12* 0.009
abs-O-M 3.957 48* 0.019 4.171 48* 0.008
abs-O 4.331 24* 0.041 4.503 24* 0.033
18 abs-O 2.146 8* 0.013 2.316 8* 0.011
abs-M 3.557 12* 0.014 3.607 12* 0.010
abs-O-M 3.935 48* 0.024 4.157 48* 0.005
abs-O 4.352 24* 0.044 4.488 24* 0.036
24 abs-O 2.153 8* 0.013 2.317 8* 0.012
abs-M 3.556 12* 0.013 3.605 12* 0.010
abs-O-M 3.873 48* 0.027 4.144 48* 0.012
abs-O 4.382 24* 0.048 4.476 24* 0.044
26 abs-O 2.147 8* 0.011 2.313 8* 0.012
abs-M 3.550 12* 0.013 3.605 12* 0.010
abs-O-M 3.935 48* 0.026 4.144 48* 0.012
abs-O 4.338 24* 0.049 4.476 24* 0.044
Fixed CNs are marked with an asterisk (*). Fitting range is 2–10.5 Å-1, R: radial distance,
error ± 0.01 Å, CN: coordination number, error ± 20%, r2: Debye–Waller factor, error ± 0.001 Å,
amplitude reduction factor (S0
2) = 1.0, number of independent points = 16. The average R values of the
Zr K-edge fits and the Y K-edge fits are 7.8 ± 1.1 and 6.3 ± 0.6, respectively. The average DE0 is
- 6.7 ± 0.6 eV for the Zr K-edge and 0.9 ± 0.6 eV for the Y K-edge
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briefly mentioned before, the crystallites of the Eu3?
doped samples are approximately three times smaller
than the Y3?/Eu3? co-doped ones for comparable
dopant concentrations. This is likely an effect of the
cation radius, which is larger for Eu3? in comparison
with Y3?, resulting in a larger strain and stronger
lattice distortion in the samples with a direct influence
on the maximum crystallite size. This may be of
importance for applications where the crystallite size
directly influences the material performance, such as
its optical properties [96, 97], oxygen ion conductivity
[98] or dissolution rate and degradation [99–103].
Despite that our combined PXRD and XPDF analyses
showed a linear increase in the lattice parameters
with increasing dopant concentration, indicative of
solid solution formation, several of our luminescence
spectroscopic observations point toward the presence
of multiple distinct dopant environments in the solid
structure, i.e., Eu3? sites with differing coordination
environments. Arguments for this can be found in the
shifting of the excitation peak at very high doping, as
well as the differing emission spectra and lifetimes
for differing excitation energies in the individual
samples. The presence of multiple Eu3? environ-
ments in stabilized ZrO2 solids has been reported in
multiple studies. Montini et al. [55] have studied
Eu3?/Ce4? co-doped zirconia phases and found clear
evidence for the presence of three nonequivalent
Eu3? environments in the stabilized host structures
based on the collected Eu3? excitation spectra. The
authors attributed the more redshifted species with
peak positions of 579.5 nm and 580.5 nm to two
nonequivalent incorporation species due to the
presence of different sites in the solid matrix. A
blueshifted component with a peak position around
578.5 nm was shown to arise from Eu3? incorpora-
tion into a superficial site. In studies by Yugami et al.
[104] and Borik et al. [51, 52], three to four different
Eu3? environments in Y3?/Eu3? co-doped polycrys-
talline samples or single crystals of zirconia, respec-
tively, were observed. The authors attributed the
specific emission signals to the formation of oxygen
vacancies in the crystal structure and the subsequent
change in the oxygen coordination number around
the Eu3? cation depending on the location [nearest-
neighbor (NN) or next-nearest-neighbor (NNN)
positions] of the oxygen vacancies.
Thus, in analogy with these studies, our excitation
profiles were fitted using multiple Gaussian peaks.
The best fit was achieved using three Gaussian peaks
to fit the overall excitation spectra (see Fig. 10 for two
examples and Figure S8 for all fits). The peak posi-
tions for the samples from 11 to 24 mol% Eu3? and 16
to 26 mol% Y3? doping were first fitted by varying all
parameters. Thereafter, the obtained average values
for the peak positions of the present species, namely
578.1 ± 0.5 nm (species 1), 579.0 ± 0.4 nm (species 2)
and 579.7 ± 0.5 nm (species 3), were fixed to avoid
overparametrization. All samples could be fitted with
these peak positions. The results of the fitting of all
excitation spectra are summarized in Table 3.
Some systematic trends can be deduced from the
obtained Gaussian fits of the excitation profiles. A
systematic decrease in the full width at half maxi-
mum (FWHM) can be observed from species 1 to
species 3. This is in line with the recorded emission
spectra at excitation wavelengths of 577.2 nm (pre-
dominantly exciting species 1), 579.3 nm (predomi-
nantly exciting species 2), and 580.0 nm
(predominantly exciting species 3), where emission
peak narrowing could be recorded from species 1 to
species 3. In addition, the overall magnitude of the
crystal field splitting of the 7F1 band decreases in the
same order pointing toward a lowering of the crystal-
field perturbation. Thus, there seems to be a sys-
tematic increase in the local order in these three Eu3?
environments (species 1 ? species 3).
In both the Eu3? doped and Y3?/Eu3? co-doped
samples, species 1 increases significantly for samples
of high doping where a clear shift of the excitation
peak was observed (see Fig. 5), while species 2 varies
slightly in the range of 30–45% for Eu3? doping and
51–55% for Y3?/Eu3? co-doped samples. Species 3
decreases in both cases with increasing doping frac-
tion to about 10% for the highest doping fractions
used here.
The obtained peak position for species 1 of
578.1 nm agrees rather well with the peak position of
578.5 nm obtained by Montini et al. [55] for Eu3?
incorporation at the zirconia surface. In the zirconia
single crystals studied by Borik et al. [51, 52], such a
blueshifted 7F0 peak position was not observed.
However, given the much smaller surface area of a
single crystal compared to nanoparticle powder, no
significant contribution of a surface-associated Eu3?
species to the luminescence is expected. The
increasing trend of species 1 with increasing doping
percentage follows the trend of decreasing crystallite
size seen in the PXRD bulk studies (see Table 1). This
is visualized in Figure S9. Thus, it is likely that the
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Eu3? dopant is located on a superficial site, which
will increase in abundance as the crystallite size
decreases. This hypothesis is further supported by
the larger abundance of this species 1 in the Eu3?
doped ZrO2 solid phases, which are smaller in crys-
tallite size, in comparison to the Y3?/Eu3? co-doped
ones, which yield larger crystallites. Due to lattice
relaxations at a superficial site, a higher degree of
freedom and therefore a greater variety of coordina-
tion spheres are possible, resulting in the rather large
FWHM in comparison with the two other species.
The excitation peak positions of species 2
(579.0 nm) and species 3 (579.7 nm) are very similar
to those identified by Borik et al. [52] at 578.9 nm and
579.3 nm for Y3?/Eu3? co-doped ZrO2. Excitation
spectra with similar excitation peak positions can also
be deduced from the data in Yugami et al.; however,
exact peak positions for the extracted species were
not given. In Borik et al., the abundance of the latter
species was seen to increase with increasing doping,
leading to the conclusion that the species results from
a Eu3? environment with one oxygen vacancy in the
first coordination sphere. Due to a subsequent
Figure 10 Gaussian fits of excitation spectrum collected for 16 mol% Eu3? doped (left) and Y3?/Eu3? co-doped c-ZrO2 (right).
Table 3 Summary of the fitting results from the Gaussian fitting of the excitation spectra from TRLFS
M3? doping/mol% Species 1 Species 2 Species 3
kc/nm % FWHM/nm kc/nm % FWHM/nm kc/nm % FWHM/nm
Eu3?
11 578.1* 22 2.47 579.0* 37 1.84 579.7* 41 1.31
13 578.1* 24 2.91 579.0* 46 1.75 579.7* 30 1.20
16 578.1* 28 3.19 579.0* 42 1.69 579.7* 30 1.15
19 578.1* 48 3.00 579.0* 35 1.26 579.7* 17 0.94
24 578.1* 58 2.83 579.0* 30 1.31 579.7* 12 1.00
Y3?
16 578.1* 30 2.31 579.0* 52 1.49 579.7* 18 0.95
18 578.1* 31 2.29 579.0* 51 1.45 579.7* 18 0.99
24 578.1* 38 2.65 579.0* 51 1.57 579.7* 11 0.92
26 578.1* 37 2.67 579.0* 55 1.58 579.7* 8 0.88
Fixed values are marked with an asterisk (*)
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decreasing trend of the excitation peak at 578.9 nm,
this Eu3? environment was assigned to an eightfold
coordinated Eu3? site with oxygen vacancies located
only at NNN positions. Exactly the opposite trend
was reported in Yugami et al. for the investigated
polycrystalline Y3?/Eu3? co-doped samples. Based
on their data, the excitation peak at [ 579 nm,
decreasing in abundance with increasing dopant
concentration, was attributed to the pristine Eu3?
environment, coordinating to eight oxygen atoms in
the crystal structure. Based on our results presented
in Table 3, a trend similar to what was observed in
Yugami et al. can be deduced for species 3, where an
increasing dopant substitution in the ZrO2 solid
phases results in a decrease in its fraction. The per-
centage of this species is very similar in both the Eu3?
and Y3?/Eu3? co-doped sample compositions, i.e.,
the amount of this species seems to be related to the
overall dopant concentration. In order to visualize the
trends of the various Eu3? species derived in the
present study, the mole percentages of all Eu3? spe-
cies and the number of oxygen vacancies have been
plotted as a function of the Y3?/Eu3? co-doping in
Fig. 11, left, and Eu3? ? Y3? doping fractions in
Fig. 11, right.
A line for the distribution of oxygen vacancies
around the Eu3? ion (orange line), assuming a ran-
dom (nonpreferential) distribution of the vacancies in
the crystal lattice, has been included in the figures.
For more details of these plots, the reader is referred
to the SI (Equations S1–S3 and Figure S10). In both
the pure Eu3? doping row and the Y3?/Eu3? co-
doping row, species 2 can be seen to correlate well
with the overall number of oxygen vacancies; espe-
cially, in the Y3?/Eu3? samples (Fig. 11, right), the
amount of this species and the number of oxygen
vacancies are almost identical. In the case of solely
Eu3? doped ZrO2 (Fig. 11, left), an increase in the
amount of species 2 from 11 to 16 mol% doping can
be seen, after which a plateau is obtained. In this
plateau region, a strong increase in the surface-asso-
ciated species (species 1) occurs, which may explain
the lower amount of species 2 in these Eu3? doped
samples in comparison with the Y3?/Eu3? co-doped
ones. In general, however, this species clearly follows
the trend of the increasing amount of oxygen
vacancies in the host lattice with increasing M3?
doping, which implies that this Eu3? environment is
associated with an oxygen vacancy in the first coor-
dination sphere, i.e., in NN position.
Species 3 on the other hand is rather low in abun-
dance over the whole investigated dopant concen-
tration range, and the overall amount of the species is
rather constant or slightly declining. As no correla-
tion between the number of oxygen vacancies and
species 3 can be seen, it is not reasonable to assume
Figure 11 Number of oxygen vacancies in dependence of the
Eu3? doping fraction (black, dotted line) and number of cations
with an oxygen vacancy in the first coordination sphere of Eu
(orange line), assuming a nonpreferential, statistical distribution.
Number of species 1 (purple), species 2 (green) and species 3
(blue) Eu cations in the pure Eu3? doping row (dots, left) as well
as the Y3?/Eu3? co-doped row (squares, right) per 100 cations.
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that this species is Eu3? associated with one oxygen
vacancy in the crystal structure as found in Borik
et al. [52] but rather a Eu3? species surrounded by
eight oxygen atoms in the crystal lattice, in agreement
with the assignment in Yugami et al. [104]. Reasons
for these contradicting observations could be the very
different sample types used in the different studies.
While Borik et al. used single crystals of Eu3? doped
YSZ in their luminescence spectroscopic investiga-
tions, polycrystalline powder samples have been
used in the current study and in the study by Yugami
et al. These are not in thermodynamic equilibrium
due to the slow cation mobility in these phases.
Another reason for the dissimilar results could be the
different excitation wavelengths used to excite the
Eu3? species. In Borik et al., excitation was performed
via the 5D1 /
7F0 transition with a constant wave-
length of 532 nm. In Yugami et al. and the present
work, site-selective 5D0 /
7F0 excitation spectra were
collected by varying the excitation wavelength. This
way, different crystal field perturbations of the vari-
ous Eu3? environments are taken into account, i.e.,
preferential excitation of a species with a matching
energy gap (energy of incident laser light versus





Interestingly, for dopant percentages of
11–16 mol% (Eu3? doped samples) and of
13–26 mol% (Y3?/Eu3? co-doped samples), the
amount of Eu3? species with the oxygen vacancy in
NN position (species 2) is larger than the statistical
distribution of vacancies between Zr and Eu. This
implies that oxygen vacancies have a slight tendency
for the dopant Eu3? in our samples. Even though
both Yugami et al. and Borik et al. reported on the
relative amounts of Eu3? species with one or two
vacancies in NN or NNN positions in their ZrO2 host
phases, our study is the first one to report on the
preferential location of oxygen vacancies for Eu3?
doped ZrO2 samples. Therefore, a direct comparison
with other experimental studies using Eu3? as
dopant cation cannot be made. There are nonetheless
both experimental [105] and computational [58]
studies supporting the results obtained in the present
study, where a preferential location of oxygen
vacancies in the crystal lattice has been found in the
direct coordination of other oversized trivalent
dopants rather than Zr4?. These studies, however, are
outnumbered by both experimental results and
computational evidence for the preferential location
of oxygen vacancies around Zr4?. This vacancy for-
mation around the Zr host is explained to promote
the stabilization of the tetragonal and cubic zirconia
phases at ambient conditions as the reduction of the
Zr–O coordination from eight to seven reduces the
stress around the rather small host cation. We
therefore have reason to believe that the sample
synthesis procedure in terms of calcination time and
temperature has a strong influence on the location of
oxygen vacancies in the crystal lattice. As already
discussed in connection to the phase composition of
our synthetic zirconia samples, our samples are not in
thermodynamic equilibrium due to the very slow
cation diffusion in ZrO2 at 1000 C, which, however,
is a rather typical calcination temperature in the
synthesis of ZrO2 [1, 26, 106, 107]. Although the anion
mobility in stabilized zirconia is higher, the same
assumption can be applied for the oxygen distribu-
tion in the crystal lattice. When the dopant is intro-
duced into the zirconia solid phase, vacancy
formation occurs next to the dopant due to the charge
mismatch (M3? $ M4?) [58]. For short synthesis
times, especially when combined with rather mod-
erate temperatures, oxygen migration through the
lattice may not reach a steady state which subse-
quently results in an unexpected distribution of
oxygen vacancies in the crystal lattice. Thus, we
assume that an increase in the calcination time and
calcination temperature would drive the vacancies
toward the host cations.
Finally, having assigned the three Eu3? environ-
ments in the ZrO2 crystal structures, an attempt was
made to designate the measured luminescence life-
times to these Eu3? species. To do so, an excitation
spectrum of Y3?/Eu3? co-doped ZrO2 with an overall
dopant concentration of 18 mol% was measured
after a delay time of 8 ms and compared to the
excitation spectrum recorded 1 ls after the laser
pulse (Figure S11). Based on the recorded lifetimes
of s1 = 1030 ± 310, s2 = 2950 ± 250 and s3 = 6560 ±
360 ls, the excitation spectrum after a delay of 8 ms
should show no presence of the species with the
shortest lifetime and approximately 7% and 30% of
the species with lifetimes of 2950 ls and 6560 ls,
respectively. However, as evident from Figure S11,
only a shoulder on the blue side, corresponding to
species 1, is completely absent from the delayed
excitation spectrum, while the main peak has
remained rather unchanged. Based on this, the short
lifetime of 1030 ± 310 ls can indeed be assigned to
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the surface-associated Eu3? species. This lifetime is
rather short for a fully incorporated Eu3? ion. In fact,
the Horrocks equation [Eq. (1)] would predict partial
hydration of Eu3? with on average 0.4 H2O molecules
coordinating to the cation. Species 2 and species 3, on
the other hand, seem to have rather similar lifetimes
based on the very constant excitation peak shape
independent of delay. This is likely to be related to
some energy transfer mechanism either from Eu3? to
Eu3? centers or, more likely, between Eu3? centers
and defect electrons present in the lattice, which
hampers the assignment of individual Eu3? envi-
ronments in the crystal structure based on their
luminescence decay properties.
Our EXAFS investigations of ZrO2-doped samples
with dopant concentrations ranging from 16 to
26 mol% show almost identical Zr–O/Zr-cation
or Y–O/Y-cation distances of 2.147 ± 0.005/
3.553 ± 0.004 Å and 2.317 ± 0.003/3.607 ± 0.003 Å,
respectively, over the entire compositional range.
Furthermore, from EXAFS as well as XPDF, it can be
excluded that the first Zr–O shell is split into 2 9 4
subshells in these samples. It is striking that despite a
rather large difference in the Zr–O and Y–O distance
(* 8%), the Zr-cation and Y-cation distances are very
similar (difference of * 1.5%). The changes intro-
duced by the oversized dopant are therefore mostly
limited to the first coordination sphere. This obser-
vation was explained by Li et al. [43] with the
deformability of oxygen ligands as well as with the
continuum elasticity theory, where a quadratic decay
of the radial displacement is predicted.
Nevertheless, the different species observed with
TRLFS cannot be observed with EXAFS as both the Zr
and Y environments stay constant over a large dop-
ing range. As EXAFS yields information of the aver-
age Zr or Y environment in the sample, the
distinction of nonequivalent species in complex
samples such as the investigated M3? doped ZrO2
ones is hardly possible. In our sample rows, multiple
structural changes take place simultaneously. With
increasing doping, oxygen vacancies are formed in
the lattice, decreasing the overall M–O CN. However,
at the same time, the crystallite size decreases with
increasing doping leading to a higher abundance of
superficial sites. The changes in the fractions of the
three species observed with TRLFS are rather small,
further hindering the observation of a trend in the
EXAFS fits; especially, the structural difference
between species 2 and 3 is vastly defined by a change
in the M–O coordination number. However, the
determination of the coordination number with
EXAFS inhibits a rather larger error and the coordi-
nation number in ZrO2 does not seem to be captured
properly by EXAFS fitting. This can be seen in our
attempts to fit the coordination numbers (see
Table S3), as well as in the literature, where the
coordination number of doped ZrO2 is typically fixed
to a certain value.
The three different species observed in our studies
consist of a subset of a large multitude of slightly
differing coordination environments themselves. This
becomes apparent when considering that in a
3 9 3 9 3 supercell of ZrO2 doped with 16 mol%
Y3?, a number of 9.31023 possible theoretical con-
stellations of Zr4? and Y3? cations, O2- anions and
oxygen vacancies exist. Such multiple, similar species
can lead to destructive interference of the EXAFS
signal of the individual Eu3? environments, causing a
cancelation of their signal. Therefore, the differences
of the samples observed with TRLFS are not acces-
sible with our EXAFS investigations.
The PDF analysis based on X-ray diffraction data is
not affected by self-quenching effects. Nevertheless,
similar atomic distances are derived for the M–O and
M–M distances and no clear trend of the atomic
distances with changing doping fractions can be
derived. This supports the assumption that the small
changes in the system resulting from multiple species
cannot be readily resolved. A self-quenching effect in
the EXAFS studies could, nevertheless, be present,
which could explain the differing values obtained for
the second M–O distances with EXAFS and XPDF.
The large number of oxygen atoms in this shell could
make the self-quenching of parts of the signal rather
likely. These distances, however, also inherit a rather
large error margin due to the high degeneracy and a
strong overlap of PDFs at this distance.
An alternative explanation for the observed dif-
ferences in the luminescence behavior of the indi-
vidual species, but not in the structural studies with
EXAFS and XPDF could be that all three species do in
fact have very similar abs-O or abs-Zr distances and
that solely the change in the coordination number
and the local symmetry is responsible for the differ-
ences observed in the luminescence spectroscopic
investigations.
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Conclusions
In the present study, we have combined bulk struc-
tural investigations with spectroscopic studies of
Eu3?- or Y3?/Eu3? co-doped tetragonal and cubic
zirconia polymorphs. Our bulk structural characteri-
zations show that the dopant is homogenously dis-
tributed in the ZrO2 host structure, thereby
stabilizing the tetragonal and cubic polymorphs with
little to no changes in the phase composition when
using Y3? versus Eu3? in the stabilization process.
The incorporation of Y3? and/or Eu3? results pre-
dominantly in the cubic phase at doping percentages
of 16 mol% and above with fractions of the tetragonal
phase present until approximately 19 mol%.
Our EXAFS and XPDF results imply that even
though the abs-O distances for the host (Zr) and
dopant (Y or Eu) differ by about 8% or 11%, the
overall average coordination environment seems to
remain unchanged over the studied doping range.
Further insights from luminescence spectroscopic
studies, i.e., site-selective luminescence spectroscopic
investigations of Eu3? at temperatures below 10 K,
reveal the presence of nonequivalent Eu3? environ-
ments in the ZrO2 solid structures. These Eu
3? envi-
ronments are assumed to arise from Eu3?
incorporation at a superficial site (species 1, kex-
= 578.1 nm) and incorporation on two bulk sites
(species 2, kex = 579.0 nm and species 3, kex-
= 579.7 nm) differing in the location of the oxygen
vacancies with respect to the dopant cation.
The results from our study clearly show that
structural modifications, such as the phase transfor-
mation from t-ZrO2 to c-ZrO2 which can be described
with the help of various ideal crystal structures on
the bulk level, do not accurately capture the struc-
tural changes and/or displacements occurring
around the incorporated dopant. A mechanistic
description of such local changes requires spectro-
scopic techniques such as TRLFS capable of distin-
guishing species or environments with very subtle
differences for an adequate understanding of how
bulk structural changes in terms of crystallite size or
oxygen vacancy formation influence the local coor-
dination environment of an incorporated cation. With
the TRLFS method, we could show that the applied
synthesis procedure results in a preferential place-
ment of oxygen vacancies in the direct coordination
environment of the Eu3? dopant (species 2). The
location of vacancies in the crystal lattice has been
shown to have direct implications for the oxygen
mobility in stabilized ZrO2 and will play a role in
applications such as SOFCs, where a high oxygen
mobility is a prerequisite. Further, our combined bulk
structural and luminescence spectroscopic results
showed that the decreasing crystallite size renders
Eu3? at superficial sites in the zirconia matrix. The
association of the dopant surface could have direct
implications for the corrosion resistance and perfor-
mance of crystalline zirconia ceramics used for the
immobilization of actinides from nuclear fuel-related
waste streams.
This study shows the importance of combining the
strength of multiple techniques to understand com-
plex systems like the solid solutions of zirconia and
thereby enable an advanced understanding of the
changes taking place in the material on the molecular
level.
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Graziani M (1999) Redox property-local structure rela-
tionships in the Rh-loaded CeO2–ZrO2 mixed oxides.
J Catal 182:378–389. https://doi.org/10.1006/jcat.1998.
2335
[96] Ramana CV, Vemuri RS, Fernandez I, Campbell AL (2009)
Size-effects on the optical properties of zirconium oxide
thin films. Appl Phys Lett 95:231905. https://doi.org/10.
1063/1.3271697
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